Gene expression analysis is changing the way that we look at toxicity, allowing toxicologists to perform parallel analyses of entire transcriptomes. While this technology is not as advanced in aquatic toxicology as it is for mammalian models, it has shown promise for determining modes of action, identifying biomarkers and developing ''signatures'' of chemicals that can be used for field and mixture studies. A major hurdle for the use of microarrays in aquatic toxicology is the lack of sequence information for non-model species. Custom arrays based on gene libraries enriched for genes that are expressed in response to specific contaminants have been used with excellent success for some non-model species, suggesting that this approach will work well for ecotoxicology and spurring on the sequencing of cDNA libraries for species of interest. New sequencing technology and development of repositories for gene expression data will accelerate the use of microarrays in aquatic toxicology. Notwithstanding the preliminary successes that have been achieved even with partial cDNA libraries printed on arrays, ecological samples present elevated challenges for this technology due to the high degree of variation of the samples. Furthermore, recent studies that show nonlinear toxic responses for ecological species underscore the necessity of establishing time and dose dependence of effects on gene expression and comparing these results with traditional markers of toxicity. To realize the full potential of microarrays, researchers must do the experiments required to bridge the gap between the 'omics' technologies and traditional toxicology to demonstrate that microarrays have predictive value in ecotoxicology.
Introduction
Ecosystems are complex entities, changing on a daily basis due to natural seasonal variations, as well as stressors such as global climate change and anthropogenic contaminants. Many habitats have degraded over the past century with adverse consequences on the populations of some species and in extreme cases, species extinctions. 1, 2 The goal of ecotoxicology is to measure and predict the impact of pollutants on populations, communities, and ecosystems. It is often difficult to define the role of natural stressors versus chemical toxicity in these situations. It is even more difficult to determine the contribution of individual contaminants to overall toxicity. While it is clear that exposure of animals to toxicants produces adverse effects that are dose and time dependent, it is also clear that organisms are rarely exposed to single components-rather the exposure is to complex mixtures of potential etiological agents.
Ecotoxicologists have struggled at times to make sense of the health changes observed in exposed animals because they must typically base their work on known mechanisms of toxicity. However, gene expression analyses are changing the ways researchers can approach ecotoxicology. The 'omics' technologies (transcriptomics, proteomics, metabolomics) are discovery technologies that open the door to understanding new mechanisms of action and the interaction among contaminants. Microarray analyses provide the means to rapidly assess the impacts of stressors on all biochemical pathways at the level of mRNA transcription. In this manner it is analogous to a multi-biomarker approach. 3, 4 Microarrays have the potential to provide information about mechanisms and modes of action for classes of chemicals and provide chemical signatures of toxicity. 5 By simultaneous parallel analysis of multiple biochemical pathways, it is possible to get a system wide understanding of the toxicity, touching on pathways that are known and those that are not, finally allowing a better understanding of the observed phenotypic changes. Fish are likely to be impacted by anthropogenic contaminants since they are continuously exposed to water, the major sink for many contaminants. There are environmental monitoring efforts in most countries to assess potential damage to the environment before it causes irreparable damage. However, these efforts, as well as risk-assessment efforts, are complicated by the presence of complex mixtures in field sites and our lack of knowledge about the mechanism of toxicity for many chemicals or the interaction that occurs when compounds are found as mixtures. Gene expression analysis has the potential to help resolve some of these issues by pointing out biochemical pathways that are altered due to exposure. But simply analyzing for changes in gene expression at a contaminated site is far removed from understanding how a population may be adversely affected, and it is at this level that laws governing the use and disposal of chemicals are based (Fig. 1 ). For the 'omics' technologies to gain major acceptance in ecotoxicology, they must show how biomarkers identified at the molecular level predict adverse effects at the organismal, population, and even ecosystem levels.
The use of gene expression analysis in aquatic toxicology: successes and challenges
Gene expression analyses have been used to great advantage in mammalian toxicology in recent years. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] David Barber is an assistant professor in the Center for Environmental and Human T o x i c o l o g y a n d t h e Department of Physiological Sciences at the University of Florida. He earned a BS i n B i o l o g y a t V i r g i n i a P o l y t e c h n i c I n s t i t u t e , Blacksburg, VA and a PhD in Toxicology from the University of Arizona, Tucson, AZ. He did postdoctoral research in toxicology at Virginia Polytechnic Institute, Blacksburg, VA. He is currently using genomic and proteomic approaches to define mechanisms of toxicity in mammals and fish.
Natàlia Garcia-Reyero David S. Barber Fig. 1 The biological response varies in proportion to the concentration of the xenobiotic and the time of exposure. Measurements made at the molecular level will be more sensitive and display higher mechanistic relevance than measurements made at the population level. However, measurements made at the population level are more ecologically relevant than those made at the molecular level. Population level effects can translate into population extinction if population sustainability is not maintained. It will be important to tie predictive changes at the molecular level with adverse effects on the organism and population levels, if new molecular methods are to have an impact in ecotoxicology.
the human and mouse genomes has enabled commercial development of both oligonucleotide based and spotted cDNA microarrays, along with the required bioinformatics support. This has been the basis for the logarithmic expansion of gene expression analyses in mammalian systems. Gene expression analysis has been much less widely employed in aquatic toxicology primarily because genome sequencing for ecologically relevant species is still in the early stages. To date there are completed genomes for only a few fish species including the green spotted puffer fish (Tetraodon nigroviridis), the Japanese puffer fish (Takifugu rubripes) and the zebrafish (Danio rerio). Of these, commercial arrays only exist for zebrafish, with a 14 K array available from Affymetrix and a 21 K array available from Agilent. Consequently, many microarray studies have been performed with zebrafish. [17] [18] [19] [20] [21] [22] [23] Studies using these arrays illustrate their use in understanding physiological responses, determining mechanisms of action for toxicants and other natural stressors and defining modes of action for new chemicals. Van der Meer et al. 22 examined the expression of over 15 000 genes in the zebrafish gill following 3 weeks of hypoxia. Of the 367 differentially expressed genes, they identified groups that were involved in energy production, protein synthesis, cytoskeletal components and stress response, all expected biochemical pathways were impacted by hypoxia. But, the array study also identified significant changes in lysosomal lipid metabolism in zebrafish that had adapted to long-term hypoxia. This novel and unexpected adaptive mechanism must now be studied in greater detail to fully understand its impact on higher order physiological levels. In another study, Handley-Goldstone et al. 19 used microarrays to examine the mechanism of dioxin (TCDD) induced cardiovascular toxicity in zebrafish fry. They observed the expected changes in cytochrome P4501A1 (CYP1A1), but they also saw changes in troponin and myosin as well as changes in fatty acid and steroid metabolism and protein synthesis. This work led to several new hypotheses of the mechanisms of TCDD toxicity in fish.
Van der Ven et al. 23 demonstrated that the antidepressant pharmaceutical mianserin has estrogenic activity in zebrafish by comparing changes in gene expression caused by mianserin to those caused by estradiol. These three studies illustrate the utility of microarays for a species with a known genome. For most ecological species, researchers must first obtain gene sequences and construct their own custom arrays, prior to performing the toxicologic study. To accomplish this, researchers have sequenced cDNA libraries for individual tissues or used suppressive subtractive hybridization techniques (SSH) 24 or differential display (DD) RT-PCR [25] [26] [27] [28] to develop libraries that are enriched in differentially regulated genes. While not perfect, the SSH approach is superior to un-normalized cDNA libraries which may be populated mostly by highly abundant housekeeping genes that do not change as a result of exposure. While DD RT-PCR is a powerful technique, 29 it is extremely labor intensive and often does not generate sufficient gene sequence information to identify responsive genes. All of these techniques have contributed in one way or another to the development of custom arrays for specific purposes containing in the range of 50 to 2000 genes.
Gene sequences obtained in this manner can be used to prepare spotted cDNA arrays or oligo-based arrays. While this is still a far cry from having a whole transcriptome, a number of labs have successfully used this approach. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] For example, Sheader et al. 38 used a custom cDNA microarray to identify up-regulation of 27 transcripts, including Cu/Zn superoxide dismutase, thioredoxin, a peroxiredoxin and a glutathione-S-transferase, in European flounder (Platichthys flesus) exposed to cadmium. The experiment highlighted a number of candidate genes for further analysis as potential biomarkers for cadmium exposure. In a different study, Tilton et al. 44 used toxicogenomic profiling to demonstrate that the hepatic tumor promoters indole-3-carbinol (I3C) and 3,39-diindolylmethane (DIM) promoted hepatocarcinogenesis through estrogenic mechanisms in trout liver.
Many of the toxicant exposures for which we have data have been accomplished in laboratories under controlled conditions and usually with single 48 or chromatin remodelling by specific histones. 49 It is possible that contaminants may have specific seasons during which they are more potent because they disrupt a particularly sensitive biochemical pathway. In ecotoxicology there is the added complication of genetically distinct populations that can also affect gene transcription. Oleksiak et al. 50 found extensive variation in both cardiac metabolism and the expression of metabolic genes among Fundulus heteroclitus from natural outbred populations raised in a common environment. Clearly establishing normal variations in gene expression is a critical step in being able to determine when a change caused by exposure to a stressor is significant. Being aware of this variability and planning experiments with sufficient statistical power is necessary to obtain useful data. Pooling samples is a costeffective way to increase statistical power, however, it prevents estimation of individual variation. If assessing individual variation is an important part of the experimental aims, increasing the sample size is the most appropriate way to increase statistical power.
It is critical to determine temporal and dose dependency on changes in gene expression, as these are important considerations when determining mechanisms of action. Transcriptome responses to exposure vary with dose and time and may not be linear, i.e. the magnitude of a given response may not increase consistently with the dose (Fig. 2) . Within hours after being exposed to a contaminant, gene expression changes begin to occur. At short times or low doses, the genes that are induced tend to be adaptive, protecting the organism from toxicity. Examples of adaptive changes include induction of metallothioneins by metals, or heat shock proteins for a variety of stressors. As the dose increases, the animal tries to compensate for the loss of essential pathways caused by the exposure, and new biochemical pathways are activated resulting in the expression of new sets of genes. Compensatory changes are different from adaptation and are thought to be more clearly associated with adversity. As the dose (or time) increases further, the organism can no longer adapt or compensate, and serious adverse effects occur. Under this circumstance, gene expression may continue to change but homeostasis cannot be achieved. Continued exposure at this level will lead to disease, cessation of growth and reproduction or death. Adaptation, compensation and toxicity form a continuum of responses and the genes associated with each phase of the response will vary. It is important that gene expression studies be done in the first and second phases of the response, such that changes in gene expression can be linked directly to mechanisms of action for each contaminant and to adverse effect if compensation fails. At the highest dose-duration combination, observed changes in gene expression may no longer relate to the mechanisms of toxicity specific to the contaminant, but rather to general toxicity.
It is imperative that laboratory exposures correlate changes in gene expression with phenotypic changes in the animal, especially pathological changes, reproductive output and growth, as these are well-studied endpoints for which an abundance of toxicological data exists. Changes in gene expression profiles that are anchored to these phenotypic changes will allow investigators to relate changes that occur at each level of biological organization over a range of concentrations that are environmentally relevant. This process is termed ''phenotypic anchoring'' and allows the investigator to determine the relationship between changes in gene expression and conventional toxicological endpoints. 51 Fig . 2 Stages of toxicity. Adaptation, compensation and toxicity form a continuum of responses and the genes associated with each phase of the response will vary. At low concentration of contaminant and short duration of exposure, organisms will respond with adaptive biochemical pathways, such as increasing the concentration of metabolizing enzymes to maintain homeostasis. As the concentration of contaminant (or duration of exposure) increases, compensatory mechanisms might be triggered by the organism in its quest to maintain homeostasis. At toxic levels of contaminants (or excessive duration of exposure), the organism reaches exhaustion and can no longer respond to the contaminant, but instead goes into terminal toxicity. The promise of ''toxico-genomics'' methodologies is that changes in the first two stages of toxicity will predict adverse outcomes. 
Work in progress
Gene expression analysis holds great promise for understanding basic biology and toxicology and may also help with risk assessment, because it may be able to pinpoint contaminant specific expression patterns, 5, 32 even in complex mixtures.
The application of this technology to aquatic toxicology has been hindered by the lack of sufficient sequence information for wild fish and financial support from government agencies for sequencing projects. While researchers have successfully used custom arrays for fish without sequenced genomes, most of the arrays for these models are laboratoryspecific and include relatively small numbers of genes, making the arrays useful for specific research efforts but not necessarily for whole ecosystem monitoring. Unfortunately full genome sequencing has been beyond the means of most researchers. However, with the advent of new parallel sequencers it is now possible to obtain substantial sequence information quickly and at much reduced cost. For example, the 454 Life Sciences GS 20 massively parallel DNA sequencer is able to sequence over three hundred thousand DNA fragments in a single four-hour run reducing the time and cost of obtaining a nucleotide sequence. Each DNA fragment generates an average sequence of 100-110 nucleotides which are then assembled into larger overlapping sequences using specialized software. This new sequencer exhibits a quantum leap in sequencing speed and depth, giving not only .20 Mbases of DNA sequence in just a few days, but also allowing the sequencing to be done to great depth to give sufficient sequence information for microarray studies. Annotation of the genes for non model species continues to be challenge. While many of the genes are similar to annotated genes already in the databases, there are still many genes that cannot be identified. This is confounded by the mistakes in the databases and care must be taken to validate unexpected results. An important resource is the gene ontology (GO) database which categorizes annotated genes into known biochemical pathways. 8 While not perfect, GO terms can help identify biochemical pathways affected by toxicant exposure by grouping the changes in multiple genes associated with a specific pathway. 53 The biggest challenge for using microarrays in ecotoxicology is extrapolating effects from the molecular scale to the cellular level to individuals to populations and finally to various species. In particular the selected biomarkers must predict adverse outcome. Changes in gene expression must be integrated with information on adverse effects in individuals and populations. While these techniques offer the promise of distinguishing mechanisms of action, even in complex mixtures, they still have to be validated in this endeavor. Work in this arena continues across the globe, most of the studies continue to point to the usefulness of this approach, despite the cost of doing the experiments. It is likely that the cost will be reduced as the technology becomes incorporated into standard laboratory approaches. Finally, round robin experiments among established laboratories will be necessary to establish the robustness of the method and to convince the critics that the method is worthy of consideration.
Conclusions
Microarrays can provide a valuable complement to existing ecotoxicologic methods used in evaluating environmental contamination. In the short term, microarrays will allow the identification of novel biomarkers for specific contaminants and may aid in the development of new assays aimed at identifying adverse effects. Indeed, examples of the identification of potential novel biomarkers for classes of toxicants are already emerging from genomic analyses. But the real promise is in the long term, where specific changes in gene expression may be used to unravel the toxicity of mixtures. Their ability to identify novel mechanisms of action and to help understand the toxicity of mixtures should be integrated into risk assessments. While much research is still needed to determine how exactly this approach can contribute to risk management, it should ultimately lead to more efficient decision making. The full application of gene expression studies to the ecological arena will require cooperation among researchers and support from national and international governmental funding bodies.
